To evaluate the diagnostic power of abnormal global longitudinal strain (GLS) to detect non-obstructive coronary artery disease (CAD) in the resting echocardiogram. GLS using two-dimensional speckle-tracking echocardiography (2D STE) is a powerful tool for detecting advanced CAD. However, the diagnostic power of 2D STE for detecting moderate, clinically unapparent CAD from images obtained at rest is unknown.
Introduction
Stress echocardiography (i.e. exercise or pharmacologic) identifies flow-limiting coronary artery disease (CAD) in clinical practice with satisfactory accuracy. 1 However, there is operator-dependent variability in image acquisition and interpretation of regional wall motion abnormalities during stress. Moreover, failure to attain the predetermined diagnostic heart rate is a common hindrance and appropriately leads to the conclusion that such tests, in the absence of wall motion abnormalities, lack adequate sensitivity to exclude ischaemia. 2 A stress echocardiogram deemed inconclusive sometimes results in the performance of other non-invasive or invasive tests. Inconclusive tests may play a significant role in explaining the low diagnostic yield of coronary angiography in selected patients following non-invasive testing. 3 Efforts to maximize the information derived from inconclusive stress echocardiograms in order to identify the presence or absence of significant CAD is desirable. Deformation characteristics of longitudinally oriented myocardial fibres are sensitive markers of early derangements of cardiac function caused by various pathological disorders, such as ischaemia, 4, 5 diabetes, 6 and hypertension. 7 Recently, quantification of left ventricular (LV) longitudinal strain and strain rate using two-dimensional speckle-tracking echocardiography (2D STE) was shown to be a sensitive method for identifying significant CAD, transmural myocardial infarction, 8, 9 as well as acute or subacute ischaemia. 10, 11 When obstructive CAD is defined as .70% stenosis, abnormalities were detectable at rest using 2D STE. 10, 12 Of note, the accuracy of 2D STE was greater in the left anterior descending artery (LAD) territory, compared with regions supplied by the posterior circulation. 8 Adaptation of the underlying myocardium in response to coronary stenosis begins early, possibly due to intermittent coronary spasm 13 or transient decreases in coronary perfusion. 14 We hypothesize that regional and global deformation characteristics, induced by local changes in myocardium subtended by a stenosed coronary artery. Here, we compared the diagnostic power of GLS measured in images obtained at rest with conventional wall motion scoring during stress for detecting significant (≥50%) CAD.
Methods
This study protocol was approved by the Northwestern University Institutional Review Board. A retrospective query of the coronary angiography database and the stress (exercise and dobutamine-induced) echocardiography image vault from 1 January 2008 to 31 October 2008 was performed. Consecutive patients referred for evaluation of chest pain or coronary disease who also had an echocardiogram within 10 days of coronary angiography (n ¼ 146) were selected. We excluded 23 patients (16%) for the following reasons: obvious CAD with a left ventricular ejection fraction (LVEF) of ,40% or severe wall motion abnormalities such as dyskinesis or aneurysm of any segment (n ¼ 6), severe left ventricular hypertrophy with a small LV cavity (n ¼ 2), frequent ventricular premature complexes that precluded capture of representative loops in all apical views (n ¼ 2), mechanical aortic prosthetic valve (n ¼ 1), non-available or nonanalysable image (.1 segment was inadequately tracked using Echopac software) in one or more of the apical views (n ¼ 7), and the use of echocardiographic contrast in all baseline views (n ¼ 5).
Patients were included even if echocardiographic contrast was used during stress imaging, provided baseline images without contrast were analysable and images met our inclusion criteria. In general, images were captured at a frame rate of between 40 and 60 fps using a single focus, or at least 25 fps using a dual focus. A total of 123 patients were included in this analysis. A subset of patients (n ¼ 109), who had normal wall motion in the LAD territory and an LVEF ≥50%, was used to assess the utility of segmental strain at rest, for identifying CAD in the LAD territory.
Baseline echocardiography and deformation characteristics analysis
Echocardiographic images were obtained at rest using ViVid 7 w ultrasound scanner (GE Ultrasound, Waukesha, WI, USA) prior to stress testing. Three consecutive cardiac cycles were used for each of three standard apical (two-, three-, and four-chamber) views and were saved for off-line longitudinal strain analysis, using EchoPAC w software (GE Ultrasound). The endocardium was manually traced from selected cineloops of apical view images. Visual confirmation of tracking was performed and segments with inadequate tracking were rejected. Speckle tracking was performed on all three apical views of rest images and a combined mean global strain (GS) determined. The timing of aortic valve closure was automatically determined by the Echopac software. 15 Irregular cardiac cycles or those containing ventricular premature beats were excluded. The following global longitudinal parameters were independently analysed: Global longitudinal strain (GLS), Global longitudinal systolic strain rate (GSRs), and Global longitudinal early diastolic strain rate (GSRe). The following segmental values were analysed: peak negative segmental longitudinal strain (SLS-G), peak segmental longitudinal systolic strain (SLS-S), and peak segmental longitudinal end-systolic strain (SLS-ES). For segmental analysis, values of strain measurements in each of the LV segments were averaged according to vascular distribution. Segments assigned to the distribution of the LAD include: basal-, mid-, apical-anterior segments; basal-and mid-anteroseptal segments; mid-and apical-septal segments; apical-inferior and apical-lateral segments. 16, 17 The modified
Simpson's method was used to assess the LVEF.
Stress echocardiography
Stress echocardiography was performed according to standard protocols, including the standard Bruce protocol with exercise, and a typical intravenous dobutamine protocol for a pharmacologic stress test. Rest images were obtained at baseline, and efforts were made to obtain immediate post-exercise images within 90 s of cessation of exercise. Images were captured in cineloop format with side-by-side comparison with baseline images. Similarly, for the pharmacologic stress test, intravenous dobutamine was started at 10 mg/kg/min and increased by 10 mg/kg/min every 3 min up to a maximum dose of 40 mg/kg/min. Atropine in doses of 0.5 mg was added up to a total dose of 2 mg every 2 min starting from 20 mg/kg/min of dobutamine if the heart rate failed to increase appropriately. The stress test protocol ended at patients' maximal effort or maximal dobutamine dose. Otherwise, development of symptoms, hypotensive response, abnormal ECG, hypertensive response or onset of new wall motion abnormalities (during dobutamine infusion) led to protocol termination. Wall motion score analysis was performed independently by two blinded experienced echocardiographers. Each independently performed a 16-segment wall motion score index (WMSI) by scoring 1 for normal, 2 for hypokinetic, and 3 for akinetic segments, based on the worst endocardial thickening during stress testing. An adjudicated consensus of the WMSI was used in this analysis based on a joint review where there were discrepancies.
Coronary angiography
The indication for coronary angiography in the study subjects was determined by the clinical judgment of the referring providers. The details of the coronary artery anatomy, including the location and the severity of stenosis, were derived from our cardiac catheterization laboratory database. An experienced angiographer, blinded to patient demographics, clinical information and echocardiography results, scored the angiograms with regard to the location and the severity of stenoses of the major epicardial coronary arteries as defined by the European working group on interventional cardiology. 16 The subjects were then divided into two groups. Group 1 consisted of subjects without coronary artery stenosis ,50% (CAD ,50 ), and Group 2 consisted of subjects with stenosis ≥50% (CAD .50 ) in any major epicardial coronary artery. A similar classification was made for patients in the LAD subset with the exception that only stenosis in the LAD territory (+LAD) was considered abnormal. Subjects with non-LAD stenosis (2LAD) were considered to be normal for this segmental analysis. Furthermore, we performed a sensitivity analysis by categorizing the entire cohort according to the presence of .70% stenosis in any major coronary artery for comparing the diagnostic performance of WMSI and GLS. cut-off value of 2-DSE parameters that best distinguished the presence or absence of significant coronary stenosis. An optimal cutpoint maximizing both sensitivity and specificity was determined for each of the measured parameters. The relative diagnostic accuracies of the different measurements were compared using the area under curve (AUC) of the ROC plots. The diagnostic power of selected 2D STE parameters and WMSI relative to coronary angiography diagnosis were compared using the McNemar test. A p-value of 0.05 was considered statistically significant. Our sensitivity analysis compared the AUC obtained using WMSI and GLS, when coronary disease was defined as .70% stenosis in any epicardial artery. An assessment of inter-observer variability for 2D strain measurements was performed using a random sample of 15 studies where the same cine loops were analysed by two independent observers. Intra-observer variability was performed on 18 studies by the same observer without specifying the cine loops for analysis on two occasions separated by at least 6 months. The two sets of measurements of GLS, GSRs, GSRe, SLS-G, SLS-S, and SLS-ES were compared by the interclass correlation coefficient and a difference plot using Analyse-it w statistical software. Table 1 shows the demographic, clinical, and angiographic data on the subjects (n ¼ 123) included in the study. Mean age was 60 + 12 years and was similar between Group 1 (n ¼ 67) and Group 2 (n ¼ 56) patients. Patients were predominantly male. This cohort had a high prevalence of hypertension, but there were no statistically significant differences between groups with respect to hypertension or smoking. The prevalence of type II diabetes and dyslipidaemia was higher in Group 2. Also, patients in Group 2 were more likely to have been prescribed a statin and clopidogrel. The distribution and severity of CAD is also shown in Table 1 . A stenosis .70% was seen in any artery in approximately half of Group 2. A stenosis .50% was seen in all 3 vascular territories in 13 subjects (23%). A total of nine subjects had prior revascularization procedures (five coronary artery bypass grafting). 
Statistical analysis

Results
Baseline characteristics
Detection of non-obstructive CAD with global strain
Stress test and echocardiographic characteristics of all subjects
The stress test study quality was poor in 14 patients (11%), and in 12 patients it necessitated the use of ultrasound contrast (Definity w ) for a separate set of images used for the stress test wall motion analysis after acquisition of baseline images without echocardiographic contrast. The selection criteria did not exclude patients with hypokinesis in the basal inferior or inferolateral segments, hence the mean WMSI was slightly greater than 1.0 even in the CAD ,50 patients. As shown in Table 2 , patients with CAD had a higher resting WMSI and an even higher stress-induced WMSI than the CAD ,50 group. Exercise stress was performed in 87 (71%) of these patients who on average attained a workload of 9.4 + 3.4 metabolic equivalents (METs). The exercise workload was similar between the groups.
Other echocardiographic characteristics are shown in Table 2 for the entire cohort. Patients had a normal mean LVEF (60 + 10%). The GLS was significantly higher in Group 1 compared with Group 2 (219.05 + 3.43% vs. 216.77 + 3.18%, respectively, P ¼ 0.0002). Similarly, GSRs was also higher in Group 1 compared with Group 2 (P , 0.0001).
Segmental strain analysis
The cohort used for segmental LAD deformation analysis excluded 14 patients who had a resting LVEF of ,50% or had hypokinesis in any segment within the LAD territory. The baseline characteristics of the patients were otherwise similar to those of the entire cohort ( Table 3 ). The clinical characteristics were similar in this subset with the exception of more hypertension in the +LAD group. Serum creatinine was higher in the -LAD group. shows that the peak LAD segmental strain measurements were significantly different in the LAD territory. The GS values were significantly higher in those without LAD stenosis. The global systolic and diastolic deformation measures were equally predictive of abnormalities, and segmental values were only higher in magnitude but not more discriminatory in these patients.
Receiver operator characteristics analysis ROC plots showing the predictive power of strain parameters are shown in Figure 1 . Table 5 shows the ROC performance details with the AUC and p-value for each global measure, as well as the corresponding sensitivity and specificity at the operational cut-off values. The ROC data for the LAD subset is also shown. Of note, a GLS cut-off value of 217.77% had the most optimal sensitivity/specificity (66/76%) combination. A GS rate greater than 20.95 1 s 21 has a sensitivity/specificity of 80/61%. Both GLS and GSR had equal predictive power to detect significant CAD. The AUC was 0.72 (95% CI 0.63-0.82, P , 0.0001) for GLS and 0.73 (95% CI 0.64-0.82, P, 0.0001) for GSR.
In the LAD subset analysis (n ¼ 109), the ROC plots had a similar AUC when compared with the total cohort ( Table 5) . In this subset, the optimal cutpoint for GS (less than 218.3%) has a slightly higher sensitivity but slightly lower specificity (69/70%). For the GS rate, the optimal cutpoint .0.90 1 s 21 had a sensitivity and specificity of 63/63%, respectively. This represents a lower sensitivity at this cutpoint in patients with a normal LVEF at rest. Analysis of LAD segmental values for either peak systolic strain, maximal negative systolic strain or end-systolic longitudinal strain had similar AUC compared with the global parameters. However, the absolute cutpoint values were higher than those for global parameters. Table 5 shows the results of ROC plots and the predictive power of WMSI ( Figure 1D) . The sensitivity and specificity of WMSI at the optimal cutpoint of 1.13 are 68/70%, which is similar to the GLS at rest described above (P ¼ 0.78 by the McNemar test). A global strain (GLS) ≥ 219.05% was comparable to a WMSI .1.0 for detecting CAD with similar sensitivity and specificity (77/60% for GLS vs. 77/55% for WMSI).
Comparison of Stress Echocardiography with Strain Parameters at Rest
Comparison of analysis performed for patients with occlusive CAD >70
In our sensitivity analysis, 31 patients had .70% stenosis (CAD. 70 ) and had a mean GLS of 216.72 + 3.38%, compared with 218.45 + 3.45% in the 92 with ,70% stenosis (P ¼ 0.0171). The ROC plot using this cut-off showed an AUC (95% CI) for the GLS of 0.68 (0.57-0.78), P ¼ 0.0005. The optimal GLS for coronary stenosis .70% is 217.60% with a sensitivity/ specificity of 65/65%. Using this definition of CAD, the AUC for the WMSI was 0.67 (0.57-0.78), P ¼ 0.0008. Likewise, the optimum WMSI was ≥1.19 with sensitivity/specificity of 74/66%. When the diagnostic threshold of CAD of 50% stenosis (CAD .50 ) is compared with that of CAD .70 , in this cohort, a GLS% less than 220% has a negative predictive value of 80% for CAD .50 vs. 90% for CAD .70 . Furthermore, a GLS% greater than 215% has a specificity of 90% for CAD .50 vs. 84% for CAD .70 .
Reproducibility
The inter-observer and intra-observer variability for 2D STE measurements are shown in Table 6 . These deformational characteristic measures have high inter-class correlation, and comparable 95% limits of agreement as previously reported for these measurements in similar patient populations.
8,9
Discussion
In this retrospective study, we show that assessment of global and regional 2D-strain using images obtained at rest identifies patients with non-obstructive CAD with sensitivity and specificity, Detection of non-obstructive CAD with global strain comparable to the wall motion scoring of stress images. Abnormalities in GS were present when coronary disease was defined as ≥50% stenosis of any major epicardial coronary artery. Here, we report global and regional strain and strain rate cut-offs that predict the presence of ≥50% stenosis at rest with similar diagnostic accuracy as conventional wall motion scoring. We also found that the diagnostic accuracy of resting GLS is comparable in terms of sensitivity and specificity to that of stress-induced wall motion scoring when coronary disease is defined as .70% stenosis. Furthermore, sensitivity and specificity for the optimal WMSI ≥1.9 (74% and 66%) for CAD 70% (CAD .70 ) was similar to those for optimal WMSI ≥1.13 (68% and 70%) when significant CAD was defined as any stenosis ≥50% (CAD .50 ). Our data suggest that segmental 2D STE evaluation of the anterior (LAD territory) circulation may be useful as a tool for rapid screening of significant CAD in the anterior circulation segments. These data add to the accumulating evidence that resting 2D strain echocardiography (2D STE) is a powerful diagnostic tool which may (i) increase the diagnostic accuracy and sensitivity of stress echocardiography, (ii) complement conventional wall motion assessment, (iii) supplant the need for additional non-invasive or invasive testing for certain patients with suboptimal stress tests and (iv) may help identify patients who would benefit from an aggressive risk factor modification strategy that would have otherwise been missed. To our knowledge this represents the first report that specifically evaluates global and regional 2D strain at rest in patient subsets that includes moderate CAD using coronary angiography as the gold standard. When 2D STE was compared with WMSI in this cohort, we found that the assessment of WMSI was not superior to the assessment of deformational characteristics. Although the definition of significant coronary disease in our cohort is less stringent (i.e. .50% vs. .70% stenosis used by Hanekom et al.) , 8 the diagnostic accuracy in our cohort shows an AUC that is similar to those obtained when 2D STE was performed after low-dose dobutamine stress echocardiography. Our sensitivity analysis that used a threshold of .70% stenosis for CAD showed that abnormalities of GLS are detectable at rest even in those patients with Figure 1 Receiver operator characteristics. ROC plots showing predictive power of strain parameters in the total cohort. A global strain cutpoint value of 217.77% had the most optimal sensitivity/specificity (66/76%) combination. Global strain and global strain rate had equal predictive power to detect significant CAD [AUC ¼ 0.72 (95% CI 0.63-0.82, P , 0.0001) for GS and 0.73 (95% CI 0.64-0.82, P , 0.0001) for GSR]. Both were better than resting LVEF alone and global strain rate diastolic E. ROC, receiver operator characteristic; LAD, left anterior descending artery; GS, global strain; AUC, area under the curve; GSR, global strain rate systolic. P -value of ≤0.05 was taken as statistically significant.
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non-occlusive disease, and that GLS values of less than 220% are uncommon in patients with any degree of significant coronary stenosis. Likewise a GLS value greater than 215% is commonly associated with significant CAD. These cutpoints may be applicable in patients with apparently normal resting studies and inclusive stress echocardiograms. Furthermore, when deformation measures were analysed only for segments subtended by the LAD, which Hanekom et al. 8 found more accurate, we obtained slightly higher cutpoints, but did not show superior accuracy for segmental compared with GS values. Our study cohort excluded patients in whom coronary disease was apparent at rest, as manifested by a severely reduced LVEF or severe wall motion abnormalities. In these patients, CAD is generally presumed to be significant and invasive testing is often indicated for clarification. We however showed thresholds of the GLS that define a high negative predictive value as well as high specificity for CAD .50 . The capability of obtaining clinically useful quantitative data from resting images by deformation analysis is intriguing. If further validated in a prospective study, STE may well provide complementary information, especially in clinical contexts where data are equivocal.
There are a growing number of consistent reports that validate the use of 2D strain in identification of various levels of ischaemia and the ischaemic cascade. Chan et al. 18 showed that subendocardial ischaemia causes significant reduction in longitudinal strain. They reported that a value of 213.2 + 5.6% revealed subendocardial infarction, which was not identified by wall motion scoring. An abnormal strain pattern has been shown to be a strong predictor of mortality beyond the traditional risk factors such as abnormal LV ejection fraction. 19 The age and prevalence of diabetes, Abbreviations as in Table 4 and GSR in the current study are similar to those previously published for patients with more severe coronary stenosis. 8, 25 In a study by Nucifora et al., 25 subclinical left ventricular systolic dysfunction diagnosed using 2D STE predicted the presence of obstructive CAD on angiography using 64-slice multi-slice computed tomography(MSCT). Moreover, there was high sensitivity and specificity and 2D STE provided incremental value over diastolic function assessment, and pre-test likelihood of CAD as estimated by the Duke clinical score. Their cutpoint of 217.4% for GLS for diagnosing CAD was similar to the optimal cutpoint for maximum sensitivity and specificity of 217.60% for GLS derived from our cohort using a similar CAD definition and ultrasound equipment. Furthermore, the mean value of 219.5 + 1.7% in their group with no CAD was similar to the value of 219.05 + 3.43% that we obtained for the patients with ≤50% coronary stenosis. Analysis of deformation characteristics can be performed rapidly in this analysis, provided that adequate standard cine loops of the apical views are obtained. Global deformation has been shown to be more reproducible than regional deformation in identifying LV injury following myocardial infarction. 9 Evaluation of wall motion, unlike the more quantitative assessment using deformation characteristics, is highly operator dependent. That 2D STE, which is a semi-automated, quantitative and reproducible tool derived from images acquired at rest, can provide diagnostic value that is noninferior to conventional stress echocardiography seems to be worthy of further exploration. An interesting observation from our cohort is that the mean exercise workload was .9 METs in the 71% of patients who underwent exercise stress echocardiogram. Although the exact reasons for referrals for angiography are not verified here, exercise performance was within normal limits for age and gender. The use of GLS thresholds resulted in high negative predictive value and specificity for diagnosing CAD. It is attractive to conclude that reliable GLS cut-offs could potentially supplant the need for additional non-invasive stress testing in suboptimal clinical scenarios in certain patients. We show that abnormalities of 2D STE parameters are detectable in patients with moderate (.50%) coronary stenosis who ordinarily may not require mechanical revascularization, but who nonetheless warrant aggressive medical therapy.
Potential mechanisms for our observations
Our finding that deformation characteristics are abnormal at rest in the presence of .50% stenosis implies that these parameters are sensitive to the adaptations of the myocardium even in nonocclusive CAD. Although stenoses ,70% do not commonly merit revascularization, they more than likely induce remodelling in the underlying myocardium secondary to repetitive ischaemia. Non-obstructive coronary plaques may form the nidus for plaque rupture causing myocardial injury without leading to occlusive plaques. 26 There are several mechanisms by which these moderate stenoses could produce physiologically significant consequences. Even mild CAD is associated with endothelial dysfunction, which is a marker of poor cardiovascular prognosis. 27 Low level myocardial stunning may be occurring as well in the presence of non-occlusive disease. The presence of a nonocclusive stenosis by visual assessment is also known to have only moderate agreement with physiologically significant impairment of fractional flow reserve. 28 Indeed, stenosis over time may induce stunning of the myocardium. Non-obstructive coronary disease may also predispose to intermittent coronary spasm, which can also induce myocardial stunning. Animal studies have shown that brief intermittent coronary occlusion leads to persistent reduction in subendocardial contractile dysfunction even in the absence of myocardial infarction. 29 It is possible that such dysfunction may not be completely reversible over time and may result in abnormalities detectable even at rest. Microvascular dysfunction may occur secondary to other pathological states like hypertension and diabetes without manifest coronary stenosis and cause contractile abnormalities detectable by global deformation analysis. Determination of 2D strain at rest as performed in the current study yields useful information about underlying myocardial function in regions with visually normal endocardial thickening at rest.
Study limitations
Patient selection for this study was based on the availability of cardiac catheterization in patients who also had stress echocardiography. There was no a priori definition of the indication for cardiac catheterization. This selection methodology is known to predispose to ascertainment bias and is probably responsible for the relatively low sensitivity and specificity of regional WMSI in this study, where only 45.5% of our cohort had obstructive coronary disease. The indications for referring these patients for coronary angiography within 10 days of performing a stress echocardiogram cannot be accurately determined in this study. The exclusion of patients who already have CAD, and those with a completely normal stress test and hence no angiography from this study cohort implies that the findings stated here may not be generalizable to all types of patients undergoing stress echocardiography. However, this was a consecutive sample, which includes a reasonably balanced number of patients with and without coronary disease. Furthermore, GLS lacks sensitivity in the regions supplied by the RCA and LCx, most likely a function of overlap in the posterior circulation, 8 anatomic variation between subjects and the small number of patients with significant non-LAD disease. Assessment of false negative stress tests is difficult in this cohort because the analysed patients did not include those who were not referred for angiography. Nevertheless, our results are remarkably consistent with the recent report from a cohort of similarly selected 397 000 patients analysed by the National Cardiovascular Data Registry where only 41% of those with positive non-invasive test results prior to catheterization had significant coronary disease. 3 The results described here may not apply to patients for whom image quality precludes accurate measurement of 2D strain parameters, such as the 14% of our total sample who were excluded. However, the study included some patients who required echocardiographic contrast for adequate analysis of stress images and still uncovered abnormalities of deformational characteristics, despite the likelihood that such stress studies might have been deemed inadequate using conventional wall motion scores. Also, this study is limited by the small number of subjects. Nonetheless, we report strain cutpoints that identify subjects with ≥50% coronary stenosis. Importantly, this study is not designed to address the prognostic value of 2D STE on resting echocardiographic images. Future research, specifically designed to answer this question, is essential. We opine that 2D STE could potentially be used to screen for, and improve sensitivity to detect, CAD in those with suboptimal heart rate response to stress or technically inadequate stress images, thereby obviating the need for other, potentially costly, diagnostic modalities.
Conclusions
Our study shows that global deformation analysis of resting echocardiograms can detect moderate to severe CAD with diagnostic power comparable to conventional wall motion scoring performed during stress echocardiography. These findings may have important clinical implications by potentially identifying CAD in an otherwise undiagnosed and untreated population and may be a helpful adjunct to conventional stress echocardiography in stratifying patients with equivocal stress test results. A comprehensive study is warranted to further understand the potential that global deformation may have as a diagnostic tool in this population.
